Abstract-Galvannealed coated sheet steels are extensively used in the automotive industry due to its good corrosion resistance, excellent spot weldability and paintability. However, galvannealed coated sheet steels generally present different forming behaviors, which mainly depend on the amount, orientation and distribution of different Fe-Zn intermetallic phases in the coating. This paper deals with the characterizations of experimentally produced galvannealed coatings using Scanning Electron Microscope (SEM), Energy Dispersive Spectroscopy (EDS) and Glow Discharge Optical Emission Spectroscopy (GDOES). The effects of annealing parameters on the microstructure of galvannealed coating on DP590 steel were discussed. As a result, the proper annealing temperature and time for this dual phase steel are put forward.
INTRODUCTION
Among the zinc-and zinc alloy-coated steels used in automotive bodies, galvannealed (GA) sheets are the most widely accepted due to their superior corrosion resistance, spot weldability and paintability, especially in the Japanese and Korean brands [1] . During the heat treatment after hot-dip galvanizing, the zinc in the galvanized coating will interdiffuse with the iron in the substrate, and then Fe-Zn intermetallics such as gamma (Γ), gamma1 (Γ1), delta (δ1k and δ1p) and zeta (ζ) are formed. Resulting from the presence of these hard brittle Fe-Zn intermetallics, the galvannealed coating always shows poor formability [2] . Since some new manufacturing systems such as highly automated press forming, welding and painting lines are introduced to the automotive industry, the quality of the galvannealed coating becomes more and more critical. Furthermore, as a result of the increasingly stringent requirements of the consumers and the growing competition, further improvement in forming behavior and appearance are essentially needed [3] .
In fact, several efforts have been made to correlate the microstructure of the galvannealed coatings to their formability [4] . Some achievements have been obtained and many conclusions have been put forward: such as the Γ phase at the interface is detrimental to the adhesion between the coating and substrate, the presence of ζ phase is beneficial for reducing powdering behavior [5] , the formability of galvanealed coating decreases with the increasing of its iron content and the proper content is about 10wt% [6] . At present, the published papers are mainly focused on the characterizations of the coatings and the correlation between their microstructure and properties. The microstructure evolution characteristics during the galvannealing process are rarely reported. The objective of this paper is to characterize the experimentally produced galvannealed coating and to discuss the effects of annealing parameters on its microstructure.
II. EXPERIMENTAL METHODS
The bare substrates were cut from cold rolled sheet as 110 mm×220 mm panels with the longitudinal direction of the samples paralleling to the rolling direction. The thickness of the substrate is 1.6 mm and the main alloying elements contents in this DP590 steel is shown in Table 1 . The galvannealing experiments were conducted on a Hot Dip Process Simulator in Wuhan Iron and Steel Co. The steel panels were heated up to 790℃ at 5 K/s, holding at this temperature for 60 s, subjected to a fasting cooling of 15 K/s down to 470℃, dipped in a zinc bath with the temperature of 460℃ for 3 s, and then annealed to form Fe-Zn intermetallics. The whole galvannealing process was conducted under the following atmosphere: the dew point is 30℃ and the H2 content of H2-N2 in volume is 5%. For analyzing the effects of annealing parameters on the microstructure of galvannealed coating, six annealing conditions were used, as shown in Table 2 . The galvannealed coatings under the galvanizing lines were characterized by SEM, EDS and GDOES. 
III. RESULTS AND DISCUSSION

A. Characterization of the Galvannealed Coating
The typical surface morphologies of the coated samples are shown in Figure 1 . As the concentrations of alloying elements such as Si and Cr are low, this dual phase steel shows good coatability, reflected by no bare spot is observed in the coating area. Since the bare substrates are cut from the cold rolled sheet, the residual stress will obviously be released during the galvannealing process, resulting in the bending of the samples. In this paper, the convex surface is defined as front and the concave surface is defined as back. In addition, the interdiffusion of Zn and Fe is inhomogeneous in the galvannealed coating area, reflected by different colors in different areas. As can be seen from the figure, the interdiffusion is obviously sufficient in the periphery and insufficient in the center along the longitudinal direction.
FIGURE I. THE FRONT (A) AND BACK (B) SURFACE MORPHOLOGIES OF THE COATED SAMPLE
As shown in Figure 1 (a), the thicknesses of the coating in the intersection points of the vertical and horizontal lines were measured by Fischer coating thickness gauge. The measurement results are shown in Table 3 . It is clear that, no matter at which height (30 mm, 60 mm or 90 mm), the coating thickness increases from the periphery to the center. Combining the thickness measurement results, the surface morphologies shown in Figure 1 and discussions above, it is can be concluded that the inhomogeneous interdiffusion is probably caused by the substrate bending and different coating thickness. For improving the reliability in analyzing the effects of annealing parameters, all the characterization samples discussed below are cut from the peripheral area (20 mm from the side) of the corresponding galvannealed sheet. Figure 2 shows the SEM images of the coating surfaces annealed at different temperatures for 11s. As the figure showing, after annealed at 480 ℃ , the coating surface is composed of a lot of blocky-shaped particles, a certain amount of trivial small particles and a small amount of rod-shaped particles. As the annealing temperature increases to 500℃, the rod-shaped particles are almost disappeared and the amount of trivial small particles increases. When the annealing temperature further increases to 520℃, the amount of trivial small particles decreases and the size of blocky-shaped particles increases slightly. Combining the discussions reported in reference [7] , it can be concluded that, accompanying with the increasing of annealing temperature, the structure of the coating surface evolves from the rod-shaped ζ to blocky-shaped δ 1p, then to trivial small δ1k and finally to blocky-shaped δ1k. In addition, as shown in the figure, the compactness of the coating surface decreases with the increasing of annealing temperature. 
B. Effect of Annealing Temperature
FIGURE II. SEM IMAGES OF THE COATING SURFACES ANNEALED AT DIFFERENT TEMPERATURES (A)480℃; (B)500℃; (C)520℃ (a) (b) (c) (a) (b)
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The average iron contents near the interface, 1/4, 1/2 and 3/4 thickness of the coating detected by EDS are shown in Table 4 . And according to the correlation between iron content and Fe-Zn intermetallics reported in reference [8] , the corresponding structures are also listed in the table. As can be seen from the table, the average iron content in the coating decreases from the interface to the surface, accompanied by the structure changes from αFe to Г, δ1k, δ1p and ζ, and the interdiffusion of Zn and Fe is speeded up while the annealing temperature is increased. For describing the iron distribution in the coating more accurately, the GDOES measurements were employed. Figure  3 shows the iron concentration distribution profiles in the coatings annealed at different temperatures, and the corresponding structures in different iron concentration ranges are present. As the figure showing, the thickness of δ and ζ phase layer in the 520℃ annealed coating is larger than that in the others while the thickness of Γ phase layer is almost the same. Meanwhile, through comparing the slope of these three profiles, it can be found that the proportions of δ1k and Γ phase layers in the 520℃ annealed coating is lower than that in the others. As δ1k and Γ are the most harmful phases which deteriorate the formability of the galvannealed coating seriously, then when the annealing time is set at 11s, the proper annealing temperature for this DP590 steel is 520℃. Figure 4 shows the SEM images of coating surfaces annealed at 480℃ for different times. The image for 11 s has been shown in Figure 2(a) . As can be seen from the figure, the coating surface structure evolution characteristic is as same as that shown in Figure 2 . The amount of trivial small δ1k decreases with the extending of annealing time, and the size of blocky-shaped particles increases slightly. In addition, comparing the images with that shown in Figure 2 , it is clear that, within the parameter range used in this paper, the effect of annealing time on the microstructure of the coating surface is slightly lower than that of annealing temperature. The average iron contents detected by EDS and the corresponding structure in different regions of the coatings annealed at 480℃ for different times are shown in Table 5 . The same as that shown in Table 4 , the iron content in the coating decrease from the interface to the surface, and at the same region, such as near the interface, 1/4, 1/2 and 3/4 thickness of the coating, the extending of annealing time results in the increasing of iron content. The abnormal data in Figure 5 shows the iron concentration distribution profiles in the coatings annealed for different times. It is clear that the slope of the profile for 16 s is lower than that for the other annealing times, especially in the lower iron concentration range, indicating the proportion of ζ phase layer is higher and δ1k and Γ phase layers are lower in this 16 s annealed coating. This is obviously beneficial for improving the formability of the galvannealed coating. Based on this, when the annealing temperature is set at 480℃, the galvanized coating on this DP590 steel should better be annealed for 16 s. According to the discussions above, from the perspective of improving the forming behavior, the ideal annealing conditions for the galvanized coating on this DP590 steel are as following: annealed at 520℃ for 11 s or annealed at 480℃ for 16 s. As compared with the latter, the former one is obviously beneficial for improving the production efficiency.
C. Effect of Annealing Time
D. Summary
In this paper, the characterizations of the galvannealed coatings were measured and the effects of annealing parameters were discussed. The following conclusions can be made:
1)
Resulting from the substrate bending and different coating thickness, the interdiffusion of Zn and Fe are inhomogeneous in the galvannealed coating area.
2) Increasing the annealing temperature or extending the annealing time will result in the microstructure of the coating surface evolves from rod-shaped ζ to blocky-shaped δ1p, then to trivial small δ1k and finally to blocky-shaped δ1k, and the effect of temperature is slightly higher than that of time.
3) The iron content in the coating decreases from the interface to the surface and increases with the increasing of annealing temperature or extending of the annealing time.
4) For improving the formability and production efficiency, the galvanized coating on this DP590 steel should better be annealed at 520℃ for 11 s.
